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Abstract—The paper proposes NMR antennas. The idea is 
to realize antenna dedicated to the study of unsaturated 
granular material. The aim is to design volumetric antenna 
whose small size allows increasing the measurement sensibility. 
The objectives are twofold: enhance the H-field homogeneity 
and the Signal-to-Noise Ratio. 
Index Terms—coil, magnetic field homogeneity calculation, 
magnetic field measurement, nuclear magnetic resonance 
(NMR) imaging 
I. CONTEXT 
How does liquid expand in wet granular material under 
shear? We know from everyday experience that mixing 
powders and liquid is a challenging task. The main reason is 
the internal cohesion due to capillary forces arising from 
liquid bridges between the grains [1-6]. Such flows are 
found in pharmaceutical production, the chemical industry, 
the food and agricultural industries, energy production and 
the environment. Many unsolved problems remain, 
however. In order to be able to solve problems, granular 
flows need to be understood so that their behavior can be 
controlled and predicted. While dry granular materials and 
fully saturated grain-fluid mixtures are quite extensively 
studied [7-9], unsaturated granular assemblies are less 
known. Unsaturated granular materials are composed of an 
assembly of grains whose pore space is partially filled by a 
liquid (water, oil…) and a gas. The general purpose of the 
project is to determine the microstructure of unsaturated 
granular materials in different flow regimes and liquid 
contents, and possibly to use this information as a starting 
point for the determination of macroscopic constitutive 
rheological laws. 
The first part of this project is the development of 
specific tools to study and model the behavior of such 
materials. Magnetic Resonance Imaging (MRI) experiments 
are designed in order to access local information on grains 
and liquid content, and couple mechanical measurements 
with microstructural information by direct measurements of  
velocities, solid and liquid fractions in a annular shear 
device, through either 3D or ‘2D in a slice’ imaging 
(Fig.1.b). Indeed, specific challenges however arise in the 
present project due to very low fluid volume fractions. As 
far as measurements of fluid velocities are concerned, some 
of our latest progress in methodology have provided signal 
to noise ratio as high as 200 in 2D slices at 5% fluid content, 
a result which now promises successful measurements down 
to 1% liquid content. The shear device is inserted into a 
magnetostatic uniform B0 field and submitted to B1
+
 field 
emission from a radiofrequency (RF) probe, this RF field is 
normal to the magnetostatic one (Fig.1.a). This phase is 
called “absorption phase”, when the system of nuclear spin 
is excited and has absorbed energy. During the relaxation 
phase, i.e. when the RF emission is stopped, the system of 
nuclear spins restituted energy by precession movement at 
nuclear magnetic resonance. In this case, RF probe 
measured B1
-
 field in induced RF coil: the characteristics of 
the unsaturated granular material can be determined. 
 
 
Fig.1. a) NMR setup measurement b) Cross section of the annular plane 
shear flow.  
RF coil is designed to both optimize the SNR and H-field 
homogeneity [10], which represents a compromise between 
the reduction of length of copper tape and the complexity 
enhancement of the structure. RF coils can be surface coils, 
such as planar loops, or volumetric coils, such as solenoid 
coil [11-19]. The surface coils [11] provide a higher SNR, 
but with low homogeneity, while volumetric coils provide a 
homogeneous magnetic field throughout the ROI (Region 
Of Interest) [12]. Saddle-coil, composed of both 
complementary coil, wrapped around a cylindrical shape is 
studied in [11], versus distance between the complementary 
coils.  Birdcage is the classical coil in NMR, with a good 
homogeneity but a poor SNR [10]. In [13], curved surface 
RF coil resonator is optimized to increase SNR throughout 
the ROI in keeping constant the homogeneity. Uses of 
parasitic scatterers [14], of partially orthogonal resonators 
[15] or of high-permittivity material attachment [16] can 
increase the homogeneity. 
II. PROBLEM STATEMENT 
If the existing NMR hardware and the methodology are 
convenient for samples with saturation larger than 10%, 
lower saturations, together with the small volume of the 
plate-cup shear cell, will require the fabrication of local 
radio frequency coils integrated in the shear devices to 
improve the sensitivity.  
The current NMR system antenna is a bird-cage 
structure, composed of 16 copper wires ( 2 cm thick and 20 
cm height) placed periodically around a circle of 20 cm in 
diameter. This system provides a RF magnetic field 
perpendicular to the longitudinal axis of the main magnet. 
The capacitor tuning for each wire increases the uniformity 
of the current density along the wire and produces a 50µT 
dynamic magnetic field with homogeneity of 1%. However, 
for fluid small volumes of interest, low signal to noise ratio 
(SNR) is obtained. A high SNR is needed (a gain of 10 is 
attended) and the RF coil must be able to collect the signal 
emitted by the nuclei with better sensitivity throughout the 
volume of interest. Therefore, the coil, which produces the 
RF magnetic field and detects the emitted signal, must be 
placed around the sample during the experiment. The 
orientation of the RF field is not necessarily perpendicular 
to the magnet field, but the greater is the perpendicular 
component of the RF magnetic field, the best is the SNR. 
Furthermore, a compromise appears with the homogeneity 
and the SNR: the B1 field homogeneity depends on the coil 
complexity, versus the line width, the line shape, the coil 
shape, the number of turns while high SNR involves 
thickness and lossless lines.  
The aim of this work is to introduce a coil that produces 
an important perpendicular component of the RF magnetic 
field with spatial homogeneity of 10%. The coil loop 
parameters can be designed by numerical methods for 
solving electromagnetic problems: the commercial software 
HFSS (High Frequency Structure Simulator), using the 
FEM technique, is used in both circuit parameters and 
magnetic field prediction, to take into account the 
interactions between the coil and the sample in the volume 
of interest. The induced current density on the conductor, by 
skin depth, and the modelling of the coupling between the 
coils and the experimental set-up (dielectric load with high 
conductivity, like a body phantom for instance), have to be 
studied in the surface and volume of the coil, for the 
prediction on the magnetic field homogeneity. This software 
can include lumped elements like the capacitor associated to 
the coil to realize a RLC resonant circuit, or a matching 
circuit to match the coil to 50 Ω source impedance.  
In order to compare the different proposed antenna 
structures, characteristics for NMR antenna are presented, 
such as homogeneity and normalized SNR computed versus 
the highest SNR of studied structures. Then, each NMR 
antenna is presented with H-field cartography in transverse 
plane. The best antenna structure, in term of homogeneity 
and normalized SNR is realised. 
III. MULTILOOP ANTENNA STRUCTURES 
A. ΔB/B, SNR and FoM 
The characteristics of the coil, such as homogeneity and 
Signal-to-Noise Ratio are carried out under HFSS. A Figure-
of-Merit (FoM), in order to evaluate the attained goals, is 
defined as the ratio in dB unity between the homogeneity (% 
unity)  and the normalized SNR. The objective is to 
minimize the FoM. 
The homogeneity is calculated within a sphere, called 
ROI. The homogeneity    ( ) of the magnetic field is 
determined in our case by: 
   
         
 
                                                                 (1) 
where     is the maximum  magnetic induction inside the 
sphere,     is the minimum  magnetic induction inside the 
sphere and B indicates the average magnetic induction in the 
sphere. Other formulas to calculate the homogeneity depend 
on the B field in one point and B field in the center of the 
ROI [18]-[19]. While the formula in [18]-[19] allows to 
draw SNR mapping, we prefer using formula that gives an 
average SNR in ROI. 
The Signal-to-Noise-Ratio is calculated in (2) from 
induced B1
-
 field and from the noise matrices (Ψ), where 
    is the local electric field of voxel k from channel m, 
  is the local conductivity of voxel k,   ,    and    are the 
voxel size in x, y, and z directions [22]. During the 
relaxation phase, B1
-
 field can be extracted by the FEM 
simulation by equation (3) and noise matrices by equation 
(4). In the case of IRM (Imaging Resonance Magnetic), 
SNR calculus takes into account the absorbed power by the 
body [23]. 
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B. Simulated antenna structures 
 Each coil on Fig.2 is designed with HFSS.  
 
Fig.2. Structures of antennas a) saddle-coil or 2-loops coil, 
b) birdcage, c) 8-loop coil, d) Z-loop coil, e) 4-loop coil 
The cylindrical shape on which the coil is wrapped has a 
radius of 12 cm and height of 12 cm. Each metalized part is 
composed of 35µm thickness copper. The simulation is done 
with sinusoidal signal of 21.365 MHz, i.e. the Larmor 
frequency of the 0.5 Tesla NRM system for hydrogen atom. 
Each sub-loop is fed by 50Ω lumped port with 1W power, 
i.e. 2,4, 8, 4 and 24 ports for respectively saddle-coil, 4-loops 
coil, 8-loop coil, Z-loop coil and birdcage.  
C. H-field cartography and inhomogeneity versus sphrere 
radius 
For each antenna structure, magnitude H-field 
cartography is reported in the transverse plane in the center 
of the cylindrical shape. The magnitude H-field scale is the 
same in order to compare the antenna structure. The H-field 
is greater near the wire for the wrapped loops around the 
cylindrical shape and for the birdcage. 
 
 
Fig.2. Magnitude H-field display of antennas in transverse 
plane a) saddle-coil or 2-loops coil, b) 4-loops coil, c) 8-
loop coil, d) Z-loop coil, e) birdcage 
 
The inhomogeneity of each antenna is reported on Fig. 3 
versus the radius of ROI. Bird-cage and saddle-coil permit 
to obtain the best homogeneity whatever ROI radius. 
 
 
Fig.3. Inhomogeneity of each structure versus ROI radius 
 
To realize a quantitative study, the homogeneity, normalized 
SNR and FoM are reported for each antenna structure inside 
a ROI of 7 mm radius: this radius value corresponds to 
homogeneity less than 10%, as expected in the 
specifications.  
D. Comparison with FoM 
As described in [23], and as seen in Table 1, the more 
complex structure of volumetric antenna is needed for the 
greater homogeneity, but the SNR will drop off. In addition, 
a small size of volumetric antenna is also required to allow 
enough measurement sensibility for unsaturated granular 
material: the diameter is multiplied by 3 and divided by 5, 
that corresponds to the transformation from the current RF 
antenna (birdcage of 20 cm diameter) to the simulated ones 
(12 cm diameter). Long length of antenna wire results in 
SNR decrease and reduced imaging results. As expected, 
birdcage presents the best homogeneity while the 
normalized SNR is weak. It seems interesting to realize the 
structure with the best FoM, i.e. the saddle-coil. 
 
Table 1. Comparison of homogeneity, normalized signal-to-
noise ratio and Figure of Merit for simulated antennas 








2.7 0.985 0.43 
 
 







3.7 0.77 0.68 
 
2.02 0.0006 3.52 
 
After the realization of the RF antenna, H-field 
cartography has to be reported experimentally with a probe 
to check the homogeneity for the saddle-coil that presents the 
minimum FoM in ROI. 
IV. STRUCTURES REALISATION AND MEASUREMENT 
The coil was fabricated by stacking copper tapes on the 
surface of plexiglass tube (Fig.4). In a first step, in free 
space, the RF coil input impedance will be measured with 
HP 4194A RLC meter: the objective is to match each coil 




Fig.4. Fabricated saddle coil 
 
The H-field was measuring using a homemade probe. 
The probe consists of 5-turn wire around a 10 mm diameter 
plexiglass tube (Fig.5). On figure 5, the saddle-coil and the 




Fig.5. Impedance of sadde coil (left side) and H-field probe 
(right side) at 20MHz with HP 4194A RLC meter 
 
The magnetic field generated by the RF antenna is 
obtained using an Agilent 33250A Signal Generator 
working at 20 MHz. The induced voltage on the probe is for 
the component normal to the antenna surface in order to best 
approximate the voltage measured by the probe. The 
induced voltage is measured with Tektronix TDS 220 
oscilloscope. The cylindrical wire probe was placed firstly 
at the (0,0) center  of the volumetric antenna and then 
moved in a (x0y) plane with an spatial grid as seen on Fig. 6 
inside the antenna.  
 
 
Fig.6. Bench setup (spatial grid, saddle-coil, homemade 
probe, generator and oscilloscope) 
 
The induced voltage is fluctuated due to measurement 
disturbance and no measured accuracy result is obtained. 
We suppose this fluctuation comes from leakage current. 
We have to use ferrites to limit the influence of leakage 
current in the cable that connects the H-field probe to the 
oscilloscope [25]. Another possibility to obtain the magnetic 
field homogeneity by indirect measurement is to connect 
directly the coil into a magneto static uniform B0 field. 
V. CONCLUSION 
Several RF coils are compared in terms of homogeneity 
and SNR in free-space without unsaturated granular 
material, with electromagnetic software; a FoM that takes 
into account the homogeneity and the normalized SNR is 
defined in order to select the best structure that is fabricated. 
We perform the size reduction of RF antenna by a factor 3/5 
to increase the sensibility and chose a compromise between 
the homogeneity and the normalized SNR.  
In future works, in order to prevent common mode 
currents that disrupt the measure of induced voltage of the 
probe; ferrite would be attached on the cable to report H-
field cartography. The coil without load and into a magneto 
static uniform B0 field could predict the magnetic field 
homogeneity. The coils in presence of “calibrated” 
dielectric loads and into a magneto static uniform B0 field 
will be tested to observe the impact of the environment on 
the input impedance of the coils, and on the link 
performance between them.  
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